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We established a genotyping system for a panel of 150 SNPs in the coding regions of mitochondrial DNA based on multiplex tag-array
minisequencing. We show the feasibility of this system for simultaneous identification of individuals and prediction of the geographical origin of
the mitochondrial DNA population lineage of the sample donors by genotyping the panel of SNPs in 265 samples representing nine different
populations from Africa, Europe, and Asia. Nearly 40,000 genotypes were produced in the study, with an overall genotyping success rate of 95%
and accuracy close to 100%. The gene diversity value of the panel of 150 SNPs was 0.991, compared to 0.995 for sequencing 500 nucleotides of
the hypervariable regions I and II of mtDNA. For 17 individuals with identical sequences in the hypervariable regions of mtDNA, our panel of
SNPs increased the power of discrimination. We observed 144 haplotypes that correspond to previously determined mitochondrial “haplogroups,”
and they allowed prediction of the origin of the maternal population lineage of 97% of the analyzed samples.
© 2005 Elsevier Inc. All rights reserved.Keywords: Minisequencing; Genotyping; Mitochondrial SNPs; Mitochondrial haplotypes; Forensic identification; Microarrays; Population geneticsA reference nucleotide sequence of human mitochondrial
DNA (mtDNA), which is a 16.5-kb-long circular DNA
molecule, has been available for more than 20 years [1] and
in its revised version for 6 years [2]. Because mtDNA is
maternally inherited, does not undergo recombination, and has a
high nucleotide substitution rate, single nucleotide polymorph-
isms (SNPs) in mtDNA are widely used as markers in
population genetic studies and in forensic analyses. MtDNA
is present as thousands of copies in each cell, which is an
additional advantage when small or degraded samples are the
only source of DNA available for analysis [3]. For identification
of individuals in forensics, nucleotide sequencing of the two
hypervariable regions (HVR) I and II at the origin of replication
of mtDNA is the most widely used method for analysis of
mtDNA. Genotyping of additional SNPs in the coding regions
of mtDNA has been suggested for increasing the power of⁎ Corresponding author. Fax: +46 18 553601.
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doi:10.1016/j.ygeno.2005.11.022discrimination between individuals with identical HVR I and
HVR II types [4–6]. Mitochondrial “haplogroups” defined by
restriction site analysis of the coding regions of mtDNA have
traditionally been used in population genetic studies [7]. More
recently, comparison of the complete mtDNA sequence
between individuals of diverse geographic origin has revealed
hundreds of variable nucleotides and small insertions or
deletions over the whole mtDNA molecule [8]. Complete
sequence analysis of mtDNA allows population genetic
analyses at higher resolution than restriction site analysis
[9,10]. Variable nucleotides in mtDNA have been compiled in
public databases, which facilitates selection of panels of SNPs
that can be expected to be common in all populations or that are
restricted to one continent or population (www.mitomap.org).
The aim of the current study was to design a panel of SNPs in
mtDNA for distinguishing between individuals that would
simultaneously predict the maternal population origin of the
sample donor. For this purpose, we established a microarray-
based minisequencing system for genotyping 150 SNPs from
the coding region of mtDNA. This system is based on multiplex
cyclic primer extension reactions performed in solution using a
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using a DNA polymerase and four fluorescent ddNTPs. The
minisequencing reaction products are then captured on micro-
arrays by hybridization to immobilized oligonucleotides that are
complementary to the 5′-tagged sequences on the primers
[11,12]. The capturing oligonucleotides are immobilized in an
“array of arrays” format [13], which facilitates analysis of up to
200 SNPs in 80 samples per standard microscope slide. We
demonstrate the feasibility of the system for forensic and
population genetic analyses by genotyping 265 samples from
nine populations representing different regions of the world for
the selected panel of 150 SNPs.
Results and discussion
We established a microarray-based minisequencing system
for genotyping a panel of 150 SNPs located in the coding
regions of mtDNA and genotyped these SNPs in 265 samples
from nine populations representing the African, European, and
Asian continents (Table 1). Fig. 1 shows an example of the
result obtained from the microarray-based minisequencing
system. The overall genotyping success was 95.3% (37,763 of
39,750 possible genotypes). As can be deduced from the
genotype data in Table S1 (supplementary data online only)
there were three categories of genotype failures. First, 1.2% of
the failed genotypes were enriched in the same samples,
independent of their population origin, and thus the reason for
failure appears to be poor DNA quality. In a second category
(1.5%), the failed genotypes clustered at specific SNPs, possibly
due to SNPs in primer-binding sites in a population-specific
manner. For example, while yielding high success rates in the
other populations, SNP C456T failed predominantly in Pygmy
samples, T489C failed in European samples, T8404C failed in
Khanty samples, and SNPA12720G failed in African and Asian
samples. For some SNPs there appeared to be technical or
sequence-dependent reasons for poorly working assays, al-
though no correlation with GC content or Tm for the
minisequencing primers was noted. The third category of failed
genotypes comprised apparently random failures (2%) with no
clustering according to samples or SNPs. One sample from the
Finish population was included in one or more “subarrays” on
each microarray slide as positive control and was consequently
genotyped 15 times for each of the 150 SNPs. Only one single
incorrect genotype was called for a SNP (T7660C) that yielded
low signals overall. Moreover, the genotypes of the 150 SNPs
were validated by sequence analysis of the complete mtDNA in
7 of the samples, and no genotyping errors were detected.
Genotyping this panel of 150 SNPs revealed 128 SNPs for
which both sequence variants were observed at least once in one
or more of the nine populations represented by the sample set
(Table 1). The number of polymorphic sites that occurred at
least once in our sample set varied from 67 in the Pygmy
population to 16 in the Saami population (Table 2). With our
sampling size of 30 individuals per population, there is on
average about 2/3 chance that we have not sampled a
polymorphic variant at the level of 1% and only 1/3 chance
that it has actually been sampled. In the African samples(Somali and Pygmy), 41 apparently continent-specific sequence
variants were observed, and the Pygmy samples had the largest
number of sequence variants not observed in other populations
(18 SNPs). Six SNPs (C456T, T1189C, T1190C, A3480G,
T14374C, C15904T) appeared to be polymorphic only in
European samples (French, Finns, or Saami) and 3 of them
(T1189C, A3480G, T14374C) were observed only in the
French sample and 1 (C456T) in the Saami sample. In the Asian
samples (Pakistani, Chinese, Yakut, or Khanty) 13 apparently
continent-specific sequence variants were identified. The
remaining 69 SNPs did not show any continent- or popula-
tion-restricted distribution. One SNP, C12705T, was poly-
morphic in all populations studied.
Our analysis of the panel of 150 SNPs in 265 samples
revealed redundancy between some of the SNPs. All the
haplotype diversity in our sample set would have been captured
by using only 95 “tagging” SNPs (Table 2). The SNPs formed
144 different haplotypes, of which 91 occurred only once, and
the most common one was observed in 14 samples. Only 12
different haplotypes were observed in the 30 samples
representing the Saami population, whereas 24 different
haplotypes were observed among the 30 samples representing
the Finnish population (Table 3). No haplotypes were shared
between all the populations, 1 haplotype was shared by four
populations, 3 haplotypes were shared by three populations
(Table 4), and 18 haplotypes were shared by two populations.
Of all the haplotypes, 122 were observed in only one of the
populations, and 91 of them were observed in only a single
individual (see Table S1 supplementary data online only). The
overall haplotype diversity (1 − ∑p2) calculated from the
haplotype frequencies in the complete sample set was 0.991,
which is slightly lower than that observed by sequencing 500
nucleotides of the HVR I and II of mtDNA in the same samples
(Table 3). When the data obtained by these two methods were
combined, the number of observed haplotypes increased to 219.
There were 220 individuals with a unique HVR I and II
sequence and the remaining 45 HVR I and II sequences
clustered into 10 groups. Altogether 20 nucleotide positions that
varied between individuals with an identical HVR sequence
were observed in our sample set, and they allowed 17 of the
samples to be uniquely identified (Table 5).
A majority of the SNPs included in our panel are the same
ones as those used to assign phylogenetically well-defined
mitochondrial haplogroups by high-resolution restriction site
mapping [14] (www.mitomap.org). For example, the African
haplogroup L, defined as the presence of anHpaI site at position
3592 [15], corresponds to the nucleotide A at position 3594. In
addition, samples belonging to haplogroups L1/L2 share SNP
variants 769A, 1018A, 4104G, and 7256A in our panel [14,16].
The Asian haplogroup M (and its subgroups C, D, and G) is
defined by the presence of an AluI site at position 10397 [17],
which corresponds to G at position 10398 (also observed in
haplogroups L, I, J, and K) and A at 10400. A nucleotide C at
position 14783 [14,16] also defines haplogroup M. The
European haplogroups J and T are defined by a G at positions
4216 and 11251 (+4216 NlaIII) [10,16,18]. Haplogroups H and
Vare defined by C at position 14766 (−14766MseI) [14] and G
Table 1
Variable nucleotide positions of mitochondrial DNA included in the microarray system and population frequencies of the variant nucleotides
Nucleotide
position
Nucleotide
variation a
Origin of
variant b
Population frequency of variant nucleotide (n = 30)
Finland France Saami Somalia Pygmy Pakistan China Yakut Khanty
456 C/T Common 0 0 0.18 0 0 nd 0 0 0
489 T/C Common nd nd 0 nd 0 0.16 0.04 nd nd
709 G/A Common 0.20 0.13 0 0.03 0.23 0.33 0.10 0.12 0.13
721 T/C Europe 0 0.03 nd 0.05 0 0 0 0 0
769 G/A Africa 0 0 0 0.43 1.00 0 0 0 0
930 G/A Europe 0.03 0.03 0 0 0.03 0 0 0 0
1018 T/A Africa 0 0 0 0.43 1.00 0 0 0 0
1048 C/T Africa 0 0 0 0.13 0.24 0 0 0.04 0
1189 T/C Europe 0 0.07 0 0 0 0 0 0 0
1190 T/C Europe 0 0.10 0.05 0 0 0 0 nd 0
1438 A/G Common 0.93 1.00 1.00 0.97 1.00 0.91 0.97 0.88 0.93
1719 G/A Common 0.13 0.07 0 0.10 0.04 0 0 0.04 0.04
1811 A/G Europe 0.03 0.14 0 0 0 0.19 0 0 0.13
2245 A/G Common 0 0 0 0.13 0.28 0 0 0 0
2251 c A/C Asia 0 0 0 0 0 0 0 0 0
2308 A/G Africa 0.03 0 0 0 0.14 0 0 0 0
2352 T/C Africa 0 0 0 0 0 0 0 0 0
2395 A/C Africa 0 0 0 0 0.48 0 0 0 0
2416 T/C Common 0 0 0 0.27 0.27 0.03 0 0 0
2706 A/G Europe 0.63 0.63 1.00 1.00 1.00 0.73 1.00 0.96 0.87
2758 G/A Africa 0 0 0 0.13 0.70 0 0 0 0
2789 C/T Africa 0 0 0 0.27 0.27 0 0 0 0
2885 T/C Africa 0 0.07 0 0.13 0.70 0 0 0 0
3010 G/A Common 0.13 0.20 0 0 0 0.10 0.17 0.16 0.33
3480 A/G Europe 0 0.07 0 0 0 0 0 0 0
3513 C/T Africa 0 0 0 0.07 0.11 0 0 0 0
3516 C/A Africa 0 0 0 0.13 0.27 0 0 0 0
3549 C/T Europe 0 0.03 0.26 0 0 0 0.03 0.23 0.15
3552 T/A Common 0 0 0 0 0 0 0.03 0.32 0.14
3594 C/T Africa 0 0 0 0.40 0.96 0 0 0 0
3666 G/A Africa 0 0 0 0 0.29 0 0 0 0
3720 c A/G Europe 0 0 0 0 0 0 0 0 0
3757 c T/C Europe 0 0 0 0 0 0 0 0 0
3796 A/T Africa 0 0 0 0 0.28 0 0 0 0
3816 A/G Asia 0 0 0 0 0 0 0 0.12 0.03
3843 A/G Africa 0 0.03 0 0 0.19 0 0 0 0
4104 A/G Africa 0 0 0 0.41 1.00 0 0 0 0
4113 c G/A Europe 0 0 0 0 nd 0 0 0 0
4216 T/C Europe 0.10 0.13 0 0.07 0 0.23 0 0.08 0.20
4336 T/C Europe 0 0 0 0 0 0 0 0 0
4454 T/A Africa 0.03 0 0 0 0.19 0.17 0 0 0
4491 G/A Common 0 0 0 0 0 0 0 0 0
4580 G/A Europe 0.03 0.07 0.28 0 0 0.10 0 0 0
4586 T/C Africa 0 0 0 0.13 0.27 0 0 0 0
4688 T/C Africa 0 0 0 0 0 0 0 0.04 0
4715 A/G Common 0 0 0 0 0 0 0.03 0.40 0.13
4883 C/T Common 0 0 nd 0 0 0.03 0.20 0.32 0.17
4917 A/G Europe 0.10 0.14 0 0 0 0.03 0 0.04 0.07
5108 T/C Common 0 0 0 0 0 0 0 0.08 0.07
5147 G/A Africa 0.04 0.03 0 0.03 0.33 0 0.03 0 0
5178 C/A Common 0 0 0 0 0 0.03 0.20 0.32 0.18
5442 T/C Africa 0 0 0 0.14 0.27 0 0.07 0 0
5460 G/A Common 0.04 0 0 0 0.23 0 0.23 0 0.12
5465 T/C Asia 0 0 0 0 0 0 0.07 0 0
5603 C/T Africa 0 0 0 0 0.23 0 0 0 0
6071 T/C Africa 0 0 0 0 0.47 0 0 0 0
6077 C/T Asia 0 0 0 0 0 0 0 0 0
6185 T/C Africa 0 0 0 0.13 0.27 0 0 0 0
6366 G/A Asia 0 0 0 0 0 0 0 0 0
6752 A/G Africa 0 0 0 0 0.33 0 0 0.08 0
7028 C/T Europe 0.92 1.00 1.00 0.92 0.54 1.00 1.00 1.00 0.95
7055 A/G Africa 0 0 0 0 0.47 0 0 0 0
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Table 1 (continued)
Nucleotide
position
Nucleotide
variation a
Origin of
variant b
Population frequency of variant nucleotide (n = 30)
Finland France Saami Somalia Pygmy Pakistan China Yakut Khanty
7146 A/G Africa 0 0 0 0.14 0.70 0 0 0 nd
7202 A/G Africa 0 0 0 0 0.13 0 0 0 0
7226 G/A Europe 0 0 0 0 0 0 0 0 0
7256 C/T Africa 0 0 0 0.31 1.00 0 0 0 0
7660 T/C Africa 0 0 0.48 0.07 0.17 0 0 0 nd
7697 G/A Ame 0 0 0 0 0 0 0 0 0
8027 G/A Common 0 0 0 0 0.45 0 0 0 nd
8087 T/C Africa 0 0 0 0 0.28 0 0 0 0
8251 G/A Common 0.08 0.03 0 0.17 0 0.04 0.03 0.04 0.04
8280–8288 C/G Common 0 0 0 0 0 0 0.17 0.04 0
8404 T/C Aus 0 0 0 0 0 0 0 0 nd
8584 G/A Common 0 0 0 0 0 0 0 0 0
8697 G/A Europe 0.10 0.13 0 0 0 0.10 0 0.04 0.07
8860 A/G Common 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.93
8928 T/C Africa 0 0.03 0 0.04 0.10 0 0 0 0
9042 C/T Africa 0 0 0 0.13 0.24 0 0 0.04 0
9072 A/G Africa 0 0 0 0 0.47 0 0 0 0
9123 G/A Asia 0 0 0 0 0 0.03 0.07 0 0
9221 A/G Africa 0 0 0 0.27 0.27 0 0 0 0
9272 C/T Africa 0 0 0 0 0.03 0 0 0 0
9311 T/C Africa 0 0 0 0 0.11 0 0 0 0
9347 A/G Africa 0 0 0 0.14 0.29 0 0 0 0
9356 C/T Europe 0 0 0 0 0 0 0 0 0
9540 T/C Common 0 0 0 0.83 1.00 0.38 0.53 0.78 0.44
9632 A/G Europe 0 0 0 0 0 0 0 0 0
10238 T/C Asia 0.07 0.03 0 0.17 0 0 0.03 0 0
10313 A/G Europe 0 0 0 0 0 0 0 0 0
10321 T/C Africa 0 0 0 0 0.45 0 0 0 0
10398 A/G Common 0.07 0.10 0 0.93 0.93 0.38 0.66 0.82 0.50
10400 C/T Common 0 0 0 0.13 0 0.33 0.50 0.72 0.38
10463 T/C Europe 0.10 0.13 0 0 0 0.10 0 0.04 0.07
10589 G/A Africa 0 0 0 0.14 0.24 0 0 0 0
10664 C/T Africa 0 0 0 0.13 0.24 0 0 0 0
10819 A/G Africa 0 0 0 0 0 0 0 0 0
10873 T/C Common 0 0 0 0.83 1.00 0.33 0.53 0.80 0.37
10894 C/T Europe 0 0 0 0 0 0 0 0 0
10915 T/C Common 0.04 0.03 0 0.15 0.26 0 0.03 0 0
11167 A/G Africa 0 0 0 0 0.16 0 0 0 0
11251 A/G Europe 0.10 0.13 0 0 0 0.17 0 0.08 0.20
11467 A/G Europe 0.37 0.37 0.72 0 0 0.17 0 0 0.23
11641 A/G Africa 0 0.07 0 0.17 0.27 0 0 0 0
11719 G/A Europe 0.64 0.57 0.69 1.00 1.00 0.73 1.00 0.96 0.87
11812 A/G Europe 0.03 0.07 0 0 0 0.03 0 0.04 0
11969 G/A Asia 0 0 0 0 0 0 0 0.20 0.10
12007 G/A Common 0 0 0 0.04 0.23 0 0 0 0.03
12083 T/G Europe 0 0 0 0 0 0 0 0 0
12372 G/A Europe 0.37 0.37 0.70 0 0 0.17 0 0 0.23
12397 A/G Europe 0 0 0 0 0 0 0 0 0
12519 T/C Africa 0.03 0 0 0.07 0 0 0 0 0
12705 C/T Common 0.10 0.07 0.03 1.00 1.00 0.33 0.63 0.80 0.38
12720 A/G Africa 0 0 0 0.27 nd 0 nd nd 0
12768 A/G Africa 0.03 0.07 0.04 0.03 0.17 0 0 0 0
12810 A/G Africa 0 0.03 0 0 0.45 0 0 0 0
12850 A/G Common 0 0 0 0 0 0 0 0 0
12930 A/T Africa 0 0 0 0 0.13 0 0 0 0
13105 A/G Africa 0 0.03 0 0.17 0.73 0.07 0 0 0
13263 A/G Common 0 0 0 0 0 0 0.03 0.32 0.13
13276 A/G Africa 0 0 0 0.13 0.27 0 0 0 0
13281 T/C Africa 0 0 0 0 0.20 0 0 0 0
13368 G/A Europe 0.07 0.11 0 0 0 0.09 0 0 0
13485 A/G Africa 0 0 0 0.07 0.45 0 0 0 0
13590 G/A Common 0 0 0 0.27 0.27 0.07 0.03 0.04 0
(continued on next page)
537S. Sigurdsson et al. / Genomics 87 (2006) 534–542
Table 1 (continued)
Nucleotide
position
Nucleotide
variation a
Origin of
variant b
Population frequency of variant nucleotide (n = 30)
Finland France Saami Somalia Pygmy Pakistan China Yakut Khanty
13617 T/C Europe 0.33 0.30 0.72 0 0 0 0 0 0.10
13789 T/C Africa 0 0 0 0 0.45 0 0 0 0
13928 G/C Common 0.11 0 0 0 0 0 0.14 0.04 0.03
14034 T/C Africa 0 0 0 0.10 0.15 0 0 0 0
14148 A/G Africa 0 0 0 0.13 0.28 0 0 0 0
14178 T/C Africa 0 0 0 0 0.45 0.03 0.03 0 0
14182 T/C Common 0.17 0.21 0.64 0.03 0.08 0.04 0 0 0
14212 T/C Africa 0 0.03 0 0 0.03 0 0 0 0
14318 T/C Common 0 0 0 0 0 0 0.03 0.32 0.14
14374 T/C Common 0 0.03 0 0 0 0 0 0 0
14560 G/A Africa 0 0 0 0 0.43 0 0 0 0
14605 A/G Asia 0 0 0 0 0 0 0 0 0
14668 C/T Common 0 0 0.13 0 0 0 0.21 0.16 0.17
14766 T/C Europe 0.55 0.57 0.69 1.00 1.00 0.73 1.00 0.96 0.87
14783 T/C Asia 0 0 0 0.14 0 0.38 0.55 0.80 0.42
14798 T/C Europe 0 0.07 0 0.03 0 0 0 0.04 0.03
14905 G/A Common 0.10 0.14 0 0 0.03 0.10 0 0.04 0.07
15110 G/A Common 0 0 0 0.03 0 0 0 0.04 0
15326 A/G Common 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.96 1.00
15607 A/G Common 0.11 0.17 0 0 0 0.10 0 0.26 0.08
15663 T/C Africa 0.07 0 0 0 0.10 0 0 0 0
15670 T/C Common 0 0 0 0 0 0 0.03 0 0
15784 T/C Common 0 0 0 0.33 0 0 0 0.08 0
15904 C/T Europe 0.03 0.07 0.40 0 0 0 0 0 0
15928 G/A Europe 0.11 0.15 0.14 0 0 0.10 0 0.08 0.08
16519 T/C Common 0.56 0.66 0 0.54 0.90 0.72 0.52 0.58 0.64
The allele frequency of a sample- or continent-specific SNP is shown in boldface. nd, genotyping success rate was lower than 50%.
a The nucleotide according to the reference sequence of mtDNA [2]/nucleotide variation detected.
b According to www.mitomap.org.
c Identified by sequencing in this study.
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at 12372 [18]. Of the 265 samples analyzed here, a specific
haplogroup could be defined for all but nine samples, of which
seven were Chinese, one was Yakut, and one was Hanti. In all
population samples analyzed here, except the Saami, the
haplotype diversity value of our SNP panel reached above 0.9
(Table 3). Even if the selected panel had a lower power of
discriminating between individuals than complete sequence
analysis of HVR I and II, it revealed mtDNA haplogroups more
precisely than the complete sequence of the HVR and was thus a
better predictor of the maternal population lineage of the sample
donor (Table 5).
We conclude that multiplex genotyping of this panel of 150
SNPs in the coding region of mtDNA using tag-array
minisequencing is a simple and robust method with potential
for forensic identification of individuals and for assigning the
maternal population lineage of the analyzed samples. The
results of our preliminary study point to several targets for
improvement that are related to selection of SNPs to be included
in the panel. First, redundant SNPs in the current panel could be
exchanged for more informative ones. Second, the technical
performance of the system could be improved by selecting the
SNPs to be included in the panel based on the robustness of the
genotype calls. Owing to the high multiplexing capacity of our
system, the power of discrimination between individuals of the
system could be further increased to the level of complete
sequencing of the mitochondrial HVR I and II by includingadditional variable positions of mtDNA. The information
content of the panel could also be improved by including
additional SNPs representing an Asian origin of a sample.
Population-specific SNPs that have a higher frequency of the
minor sequence variant than some of the SNPs in the current
panel should be included to increase the probability of
determining the maternal population lineage of the donor of
each sample. For population genetic studies, the system could
effortlessly be designed to include mitochondrial sequence
variants that correspond to all the variable restriction sites
currently utilized for high-resolution restriction site mapping
with 10–30 different restriction enzymes ([7], www.mitomap.
org). Both the technical performance of the genotyping and the
interpretation of the data would be significantly simpler and
more robust by the tag-microarray minisequencing system
described here than by restriction site analysis. Our system does
not reach the multiplexing level of the recently described
Human MitoChip, which is based on Affymetrix microarray
technology that allows resequencing of the entire coding region
of mtDNA [20]. However, an advantage of our system over the
MitoChip is its array-of-arrays format, which allows analysis of
80 samples for 200 nucleotide positions or 14 samples for 600
nucleotide positions on a single microarray slide at a reagent
cost of only $150 U.S. per slide.
Our system could be further developed for both identifica-
tion purposes and population genetic studies by including a set
of Y-chromosomal SNPs in the marker panel to allow definition
Fig. 1. Example of result from tag-array minisequencing. (A) Image of a microarray slide with 80 “subarrays” carrying 156 complementary tag oligonucleotide spots in
each subarray. The slide was scanned at 594 nm to detect Texas red-labeled nucleotide ddA. (B) Enlargement of one of the subarrays, scanned at 488 (R110–ddG), 544
(TAMRA–ddC), 594 (Texas red–ddA), and 633 nm (Cy5–ddU). A sample from the Somalian population was analyzed in this subarray. (C) Scatter plot used for
genotyping of one SNP (C1048T) in all samples. The logarithm of the sum of the fluorescence signals from ddG and ddA in each sample is plotted on the y axis, and
the ratio of the signals from ddA divided by the sum of the signals from ddG and ddA are plotted on the x axis. The shaded area indicates the cut-off value of 2500
fluorescence units, below which the signals from negative controls and failed samples fall.
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[21,22]. Due to the uniparental mode of inheritance of the
mitochondria and the nonrecombining part of the Y chromo-
some, the power of discrimination between individuals using
SNPs from the autosomes that are inherited biparentally and
undergo recombination is much higher than using mitochon-
drial and Y-chromosomal SNPs. Therefore autosomal markers,
and particularly multiallelic STR markers, are currently the
primary choice for forensic identification purposes. A power of
discrimination between individuals similar to that of the panels
of STR markers currently used in forensic analyses can be
reached using 30–50 autosomal SNPs with minor allele
frequencies higher than 0.2 [23]. Technically it is feasible to
establish a tag-array minisequencing system for a panel of
autosomal SNPs that has much higher power of discrimination
between individuals than the system with 150 SNPs established
in our study. However, the prospect of analyzing degraded DNAsamples is the main incentive for using SNPs in mtDNA for
identification purposes.
Materials and methods
Single nucleotide polymorphisms
A set of 220 polymorphisms in the coding region of mtDNA was selected
from the MitoMap database (www.mitomap.org) or identified by sequencing
bases 774–5663 of mtDNA in 30 samples from European, African, and Asian
populations. After initial assay development of the genotyping system for the
220 SNPs, 150 SNPs were selected to be included in the panel based on their
performance in the minisequencing assay, on their allele frequency, and by
consideration of their geographical distribution (Table 1).
Samples
Altogether 265 samples representing nine different populations from three
continents were analyzed. The African samples originated from Somalia (n = 30)
Table 2
Numbers and positions of tag SNPs in the coding region of mtDNA
Population n No. of
SNPs a
No. of tag
SNPs b
Positions of tag SNPs in mtDNA
Finland 30 40 25 709, 1438, 1719, 1811, 2308, 2706,
3010, 4216, 5460, 7028, 8251, 10398,
10915, 11467, 11719, 11812, 12705,
12768, 13617, 13928, 14182, 14766,
15663, 15904, 16519
France 30 46 21 721, 1189, 1811, 2706, 2885, 3010,
3549, 4216, 4580, 5147, 8251, 10398,
11719, 11812, 12372, 12705, 12768,
13617, 14182, 14374, 16519
Saami 30 16 10 456, 1190, 3549, 7660, 11719, 12705,
12768, 14668, 15904, 15928
Somalia 30 56 20 709, 721, 1018, 1438, 1719, 3513,
3594, 7660, 8928, 9221, 9347, 9540,
10398, 10400, 12007, 12519, 14148,
14798, 15784, 16519
Pygmy 30 67 20 709, 1719, 3513, 3594, 4454, 5147,
6752, 7146, 8928, 9042, 9272, 10321,
10398, 11167, 12720, 13105, 13281,
14182, 14212, 16519
Pakistan 30 38 23 489, 709, 1438, 2416, 3010, 4216,
4454, 4580, 5178, 8251, 9123, 10398,
10463, 11251, 11812, 12372, 12705,
13105, 13590, 14178, 14182, 14766,
16519
China 30 33 22 489, 709, 1438, 3010, 3549, 5178,
5442, 5460, 5465, 8251, 8280, 10238,
10398, 10915, 12705, 13590, 13928,
14178, 14668, 14783, 15326, 16519
Yakut 25 46 27 709, 1048, 1438, 1719, 3010, 3816,
4688, 4715, 5108, 5178, 8251, 8280,
9042, 10398, 11251, 11719, 11812,
11969, 13928, 14318, 14783, 15110,
15326, 15607, 15784, 15928, 16519
Khanty 30 46 27 709, 1438, 1719, 1811, 3010, 3549,
4883, 5108, 5460, 7028, 7660, 8251,
9540, 10398, 11251, 11969, 12007,
12372, 12705, 13617, 13928, 14318,
14766, 14783, 14798, 14905, 16519
All samples 265 128 95
n, number of individuals.
a Polymorphic SNPs defined as a sequence variant observed at least once.
b Tag SNPs as determined using the Tagger function of the Haploview
software and a threshold value r2 = 1.
Table 3
Haplotype diversity of 150 SNPs in the coding region of mtDNA, the
hypervariable regions I and II, and their combined haplotype diversity in nine
populations
Population
(n = 30)
Number of
haplotypes
Haplotype
diversity value
150-SNP panel a 144 0.991
Finland 24 0.984
France 22 0.968
Saami 12 0.864
Somalia 17 0.938
Pygmy 14 0.920
Pakistan 18 0.961
China 21 0.956
Yakut 20 0.983
Khanty 19 0.961
HVR I and II a 202 0.995
Finland 26 0.991
France 29 0.998
Saami 13 0.752
Somalia 23 0.984
Pygmy 18 0.949
Pakistan 24 0.972
China 29 0.998
Yakut 23 0.993
Khanty 21 0.975
Combined 150-SNP
panel and HVR
I and II a
219 0.998
Finland 29 0.998
France 29 0.998
Saami 17 0.933
Somalia 21 0.986
Pygmy 30 0.968
Pakistan 25 0.982
China 24 1.000
Yakut 24 0.997
Khanty 22 0.977
SNP, variable nucleotide in coding region of mtDNA. HVR, hypervariable
region of mitochondrial DNA.
a Number of haplotypes and haplotype diversity values in the whole set of
265 samples.
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(Pygmies, n = 30). The European samples originated from France (n = 30),
Finland (n = 30), and Russia (Lovozero Saami, n = 30). The Asian populations
were represented by Pakistan (n = 30), Chinese Han (n = 30), Yakut (n = 25), and
Khanty (n = 30). The Pygmy, French, Pakistani, Chinese, and Yakut samples
were from the Human Genome Diversity Cell Line Panel available at the Centre
d´Étude du Polymorphisme Humain [27]. The Somalian and Saami samples
were collected by one of the authors (A. Sajantila), and the Finnish samples were
from blood donors at the Finnish Red Cross Blood Transfusion Service.
Informed consent was obtained from all individuals included in the study. DNA
was extracted from the blood samples using standard phenol extraction or
salting-out procedures.
Sequence analysis
PCR products from mtDNA were sequenced using the BigDye version 2
ready reaction kit (Applied Biosystems, Foster City, CA, USA). The
sequences of the primers are available from the authors upon request. Thesequencing reaction products were purified using DyeEx columns (Qiagen,
Hilden, Germany) and separated using an ABI 310 capillary electrophoresis
system using the POP-6 gel (Applied Biosystems) and 36-cm capillaries. The
sequences were analyzed with the SeqEd version 1.0.3 software (Applied
Biosystems).
PCR amplification
The complete mtDNA was amplified by PCR in four fragments 4.5 to 5
kb in size that overlap one another by approximately 500 bp at each end.
Four pairs of PCR primers were designed with the aid of the Oligonucleotide
Properties Calculator (http://www.basic.northwestern.edu/biotools/oligocalc.
html) and Mfold (http://bioweb.pasteur.fr/seqanal/interfaces/mfold.html). The
nucleotide positions in the mtDNA of the forward and reverse primers in
each of four pairs were: (1) nt 620–638 and 5062–5043, (2) nt 4496–4517
and 9022–9001, (3) nt 8581–8599 and 13204–13187, (4) nt 12525–12543
and 1252–1233. The PCRs were performed in four individual reactions
using a minimum of 0.5 ng of total DNA, 0.8 μM primers, 0.2 mM dNTPs,
1 U of rTth DNA polymerase XL in 25 μl of XL buffer II containing 1 mM
Mg(OAc)2 (Applied Biosystems). After an initial denaturation step for 2 min
at 94°C, the cycling conditions were 10 cycles of 20 s at 94°C, 30 s at
60°C, and 8 min at 68°C followed by 20 cycles with 15-s increases in
elongation time in every cycle, and a final 30-min incubation at 68°C. The
success of the amplification was assessed for each sample using agarose gel
electrophoresis.
Table 4
Haplotypes formed by the panel of 150 SNPs that are shared between
populations
Haplotype a No. of
individuals
Populations sharing haplotype
H002 8 Pakistan, Finland, France, Khanty
H001 14 Saami, Finland, France
H008 5 Finland, Khanty, France
H011 4 France, Finland, Yakut
H003 7 France, Finland
H007 6 Khanty, China
H010 5 Pakistan, Khanty
H016 3 France, Finland
H017 3 Somalia, Finland
H018 3 France, Khanty
H020 3 Yakut, Pakistan
H021 3 Pakistan, Khanty
H022 3 China, Yakut
H023 3 Yakut, China
H026 2 Finland, France
H028 2 Finland, Pakistan
H030 2 France, Pakistan
H038 2 Khanty, Pakistan
H043 2 China, Khanty
H045 2 China, Yakut
H046 2 China, Khanty
H049 2 Khanty, Yakut
a The haplotypes are numbered according to their frequency in the whole
sample set, with the most common one as H001.
Table 5
SNPs in coding region that vary between samples with identical HVR sequences
HVR
variant
HVR I/HVR II sequence variants a Individuals Positions of
SNPs in coding
region
1 16144T N C, 16189T N C,
16270C N T, 73A N G, 150C N
T, 315.1Cins
14 Saami,
1 Finnish
456, 7660,
12705, 12768,
14668, 15094,
15928
2 16129G N A, 16184C N T,
16187C N T, 16189T N C,
16223C N T, 16278C N T,
16294C N T, 16301C N T,
16311T N C, 16360C N T, 73A N
G, 146T N C, 152T N C,
182C N T, 186C N A, 189A N C,
195T N C, 247G N A, 256C N T,
291A NT, 294T N C, 296C N G,
297A N C, 299C N A, 302A N C,
309C N T, 310T N C, 316G N A
5 Pygmy 3594, 7660
3 16129G N A, 16223C N T,
73A N G, 199T N C, 315.1Cins
5 Pakistani 14178
4 16144T N C, 16189T N C,
16270C N T, 16311T N C, 73A N
G, 150C N T, 315.1Cins
3 Saami, 7660
1 Finnish
5 16172T N C, 16183A N C,
16189T N C, 16223C N T, 16229T N
C, 16278C N T, 16291C N T,
16294C N T, 16311T N C, 73A N
G, 152T N C, 315.1Cins
4 Pygmy 1719
6 309.1Cins, 309.2Cins, 315.1Cins 2 Finnish, 709, 2308,
165191 Yakut
7 16356T N C, 73A N G,
195T N C, 215A N G, 309.1Cins,
309.2Cins, 315.1Cins
3 Khanty 5460
8 16129G N A, 16223C N T,
73A N G, 199T N C, 204T N
C, 250T N C, 309.1Cins, 315.1Cins
2 Somali 2885, 9347,
12007
9 315.1Cins 1 French, 2416
1 Pakistani
10 16192C N T, 16256C N T,
16270C N T, 73A N G,
146T N C, 309.1Cins, 315.1Cins
2 Khanty 9540
a HVR I/HVR II variants are specified by sequence differences compared to
the Cambridge Reference Sequence, except for the polymorphism 263 A N G,
which was shared by all.
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Minisequencing primers were designed to be complementary to about 20
bp on either DNA strand immediately adjacent to each of the 220 SNPs
selected from the coding region of the mtDNA. In addition, each
minisequencing primer carried a 20-bp tag sequence selected from a
collection of sequences available from www.affymetrix.com at its 5′ end
[24]. The minisequencing primer sequences are available from the authors
upon request. Capturing oligonucleotides complementary to the tag
sequences of each minisequencing primer were attached covalently to
CodeLink Activate Slides (GE Healthcare, Uppsala, Sweden) via a 3′-amino
group as previously described [12]. For the initial SNP assay development,
242 capturing oligonucleotides were immobilized in duplicate in 14
subarrays per microarray slide. For genotyping the whole set of population
samples, each slide carried 80 subarrays with 156 capturing oligonucleotides
per subarray. In addition to the SNP-specific capturing oligonucleotides,
each subarray contained oligonucleotides for controlling the spotting,
hybridization, and minisequencing reactions. The design of the control
oligonucleotides is described in detail elsewhere [11].
Genotyping
Ten-microliter aliquots of the four PCR products from each sample were
combined, and 7 μl of the pooled products was used for each multiplex
genotyping reaction. To remove excess of primers and dNTPs, the pooled
PCR products were treated with 0.5 U/μl exonuclease I (USB Corp.,
Cleveland, OH, USA) and 0.1 U/μl shrimp alkaline phosphatase (USB
Corp.) in 7.1 mM MgCl2 and 50 mM Tris–HCl, pH 9.5, in a total volume
of 10.5 μl at 37°C for 60 min, after which the enzymes were inactivated at
85°C for 15 min. Four-color fluorescence minisequencing reactions were
performed by adding 4.5 μl of primer extension reaction mixture to a final
concentration of 0.1 μM Texas red–ddATP, 0.1 μM TAMRA–ddCTP, 0.1
μM R110–ddGTP, and 0.2 μM Cy5–ddUTP (Perkin–Elmer, Brussels,
Belgium); 10 μM Tris–HCl, pH 9.5, and 0.017% Triton X-100; 10 nM
each of the 156 minisequencing primers; and 0.067 U/μl ThermoSequenase
polymerase (GE Healthcare, Uppsala, Sweden) to the ExoI-sAP-treated PCRproduct. Cyclic minisequencing reactions were performed after initial
denaturation for 3 min at 96°C for 33 cycles of 20 s at 95°C and 20 s
at 55°C. For hybridization, 7 μl of 20× SSC (SSC is 0.15 M NaCl, 0.015
M sodium citrate, pH 7.0) containing 45 nM TAMRA- or R110-labeled
hybridization-control oligonucleotide complementary to one of the capturing
oligonucleotides was added to each minisequencing reaction. A silicon grid
was applied to form 80 separate reaction wells covering the subarrays on
each microarray slide, and the slide was mounted into a hybridization
chamber [13]. The samples were pipetted into the reaction wells and allowed
to hybridize for 2.5 h at 42°C. After hybridization, the slides were first washed
briefly with 4× SSC, then twice for 5 min with 42°C warm 2× SSC, 0.1%
SDS, and twice for 1 min with 0.2× SSC, and finally dried by centrifuging at
900 rpm for 5 min. The slides were scanned using a ScanArray Express
instrument (Perkin–Elmer Life Sciences, Boston, MA, USA) with the laser
power kept constant at 80% and the photomultiplier tube gain adjusted to give
approximately equal signals in all four laser channels. The excitation
wavelengths were 488 nm for R110, 544 nm for TAMRA, 594 nm for
Texas red, and 633 nm for Cy5. The signal intensities from the spots were
measured with the QuantArray analysis software (Perkin–Elmer Life
Sciences).
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The QuantArray file was exported to the SNPSnapper version 4.0b
software (www.bioinfo.helsinki.fi/SNPSnapper) designed by J. Saharinen
(National Public Health Institute, Helsinki, Finland). The genotypes were
assigned by scatter plots with the logarithm of the sum of the two fluorescent
signals plotted against the fluorescence signal ratio between one of the signals
and the sum of both signals program for each SNP. Allele and haplotype
frequencies and the haplotype diversity values were calculated using the
Arlequin version 2.00 software. Redundant SNPs were identified using pair-
wise coefficient of determination (r2) values, using the Haploview [25] and
Tagger software [26].
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